Bindin, a protein involved in sea urchin sperm-egg recognition and adhesion, is under positive selection in genera with sympatric species but evolves neutrally in genera in which all species are allopatric. This pattern has led to suggestions that reinforcement may be the source of the observed selection. Reproductive character displacement, or increased divergence of reproductive characters in areas where closely related species overlap, is often a consequence of reinforcement and has been shown to be present in one Indo-Pacific species of the genus Echinometra. In the Atlantic species of the same genus, positive selection has been shown to act on bindin of Echinometra lucunter. To examine whether the source of this selection is reinforcement, we determined variation on the first exon of bindin in E. lucunter in the Caribbean, where it is sympatric with Echinometra viridis, and in the rest of the Atlantic, where E. viridis is absent. There was no differentiation between bindin sequences from the two geographic regions; similar levels of positive selection were found to be acting in both areas. The similarities were not due to gene flow; mitochondrial DNA from the two regions indicates that E. lucunter populations most likely originated in the Atlantic and have not exchanged genes with Caribbean populations for approximately 200,000 years. The lack of evidence of stronger selection on bindin of E. lucunter in areas of sympatry with its sister species suggests that the source of selection is not reinforcement. Processes acting within species, such as sexual selection, sperm competition, or sexual conflict, are more likely to be involved in the evolution of this molecule.
Introduction
In many free spawning marine organisms, mate recognition can occur on the level of interaction between gametes and is influenced by the action of a small set of molecules. Such molecules often evolve rapidly under strong selection, as indicated by an excess of amino acid replacement substitutions (d N ) compared with silent substitutions (d S ) (Civetta and Singh 1995; Vacquier 2002a, 2002b; Swanson et al. 2004) . The identification of the source of this selection, however, is not easy (Swanson and Vacquier 2002a) . In sea urchins, the best characterized molecule involved in species recognition is the acrosomal protein bindin. Bindin mediates adhesion and fusion of sperm to the egg surface (Vacquier and Moy 1977) . Variation in bindin of the sea urchin genus Echinometra has been shown to affect species specificity of these interactions (Metz et al. 1994 ) and fertilization success in intraspecific crosses (Palumbi 1999) . Across echinoid genera, bindin divergence is correlated with heterospecific incompatibility in fertilization (Zigler et al. 2005) . Bindin has been found to evolve under positive selection in some, but not all, echinoid genera. Echinometra (Metz and Palumbi 1996) , Strongylocentrotus (Biermann 1998) , and Heliocidaris , genera that contain species with sympatric congeners, show a signal of positive selection in the evolution of their bindins. Arbacia (Metz et al. 1998) and Tripneustes , genera in which all species are allopatric, do not. The only exception to this pattern is Lytechinus, which contains two species with overlapping distributions in the Caribbean with bindins that show no clear evidence of selection (Zigler and Lessios 2004) . Even in Lytechinus, however, bindin alleles of the two Caribbean species are reciprocally monophyletic, though mitochondrial DNA (mtDNA) is not, which suggests a higher rate of evolution of bindin (Palumbi and Lessios 2005) . That only genera with sympatric species show evidence of selection in bindin has led several authors to suggest that reinforcement may be a major source of selection on this molecule (Metz et al. 1998; Swanson and Vacquier 2002b; Palumbi 2009 ). Others McCartney and Lessios 2004; Lessios 2007) have suggested that the pattern is more likely the product of what Templeton (1981) and Noor (1999) have called ''differential fusion,'' that is, the higher probability that species with differentiated reproductive characters can coexist without either fusing or going selectively extinct in sympatry. In cases of differential fusion, the establishment of reproductive isolation occurs before secondary contact, so there is no selection on reproductive traits due to the challenge of sympatric species.
There are several alternate hypotheses as to the nature of selection operating on bindin, which are independent of the challenge by a related species (Metz et al. 1998) . Such intraspecific forces include sexual conflict, sperm competition, and sexual selection. Polyspermy, a lethal condition for the developing embryo, is a problem even under sperm limiting conditions in Evechinus chloroticus (Franke et al. 2002) , indicating that this could be a major source of selection on reproductive traits in some species. Several authors have suggested that avoidance of polyspermy could create sexual conflicts in egg-sperm interactions (Galindo et al. 2003; Haygood 2004; Levitan 2004; Levitan and Ferrell 2006; Levitan et al. 2007 ). Experiments by Levitan and Ferrell (2006) showed that in Strongylocentrotus franciscanus, there is an interaction between sperm density and genotype frequency of bindin alleles; when sperm is limited, males and females with matching bindin alleles have higher fertilization success, but when sperm densities are high, offspring of males and females with divergent bindin genotypes survive at greater rates. Assortative mating on the basis of bindin genotype has been observed in Echinometra mathaei (Palumbi 1999) . Thus, the importance of intraspecific forces, such as sexual conflict and sexual selection, on the evolution of bindin is supported by experimental evidence.
In one Indo-Pacific species, Echinometra oblonga, a clear pattern of reproductive character displacement (RCD) suggests that reinforcement does play a role in the rapid evolution of bindin . In localities at which E. oblonga coexists with E. sp. C, it has bindin alleles much more divergent from those of E. sp. C than in localities where this congener is absent. Other Indo-Pacific species of Echinometra, however, also show evidence of strong selection, even where there are no clear geographic patterns to indicate character displacement (Metz and Palumbi 1996) . If character displacement were found in other pairs of Echinometra species with sympatric and allopatric populations, the inference that reinforcement is the source of selection in bindin evolution would be strengthened (Riginos and McDonald 2003) . Conversely, its absence would make the case for reinforcement less likely (Riginos et al. 2006) . We, therefore, looked for geographic variation in the bindin molecule of two Atlantic species of Echinometra with partially overlapping geographical distributions.
Two species of Echinometra coexist in the Caribbean. Echinometra viridis is restricted to this Sea, whereas E. lucunter is spread on both sides of the tropical Atlantic, ranging from Dakar to Angola on the African coast, and from Bermuda to Florianopolis, Brazil, on the American shores. It is also the only species of Echinometra found in the central Atlantic islands of Ascension and St Helena (Mortensen 1943) . The common Atlantic stock was separated from the eastern Pacific species, E. vanbrunti, by the Isthmus of Panama about 3 million years ago (Ma), then split into the two morphologically distinct Atlantic species about 1.5 Ma (McCartney et al. 2000) . Echinometra lucunter eggs will not permit fertilization by either E. viridis or E. vanbrunti sperm, although its sperm can fertilize eggs of the other two species at rates only slightly lower than its own eggs (Lessios and Cunningham 1990; McCartney and Lessios 2002) . Despite this one-way isolation, extensive isozyme (Lessios 1979 (Lessios , 1981a Bermingham and Lessios 1993) , mtDNA (Bermingham and Lessios 1993; McCartney et al. 2000) , and bindin (McCartney and Lessios 2004) sampling has never identified a hybrid among postmetamorphic sea urchins in the Caribbean, which suggests that reproductive isolation in nature is complete. Such complete isolation is likely to arise from postzygotic isolating barriers, because the annual reproductive cycles of the two sympatric species overlap (Lessios 1981b ) and neither shows a lunar rhythm in spawning (Lessios 1991 ), leaving few alternatives as possible prezygotic barriers. Thus, it is possible that selection to avoid hybridization is operating on the two sympatric species in the Caribbean.
McCartney and found evidence that the bindin of E. lucunter (but not of E. viridis) evolves under strong selection. As E. lucunter is also the species in which eggs are incompatible with heterospecific sperm, the evolution of its bindin appears to be tracking changes in the egg receptor. Unfortunately, the sea urchin bindin receptor EBR1 is a molecule so large (4,595 amino acids) that its variation cannot be readily studied in the same manner as bindin (Kamei and Glabe 2003) . Although McCartney and Lessios (2004) suggested a number of alternative sources of selection on E. lucunter bindin, their samples included only Panamanian populations, leaving reinforcement as a possibility. In the present study, we analyze variation of the most variable section of E. lucunter bindin from Caribbean populations, where it is sympatric with E. viridis, and from Atlantic populations, where it is free of the challenge of this congener, to determine whether there is any evidence of higher bindin divergence in sympatry than in allopatry.
Materials and Methods Sampling
We sampled a total of 124 individuals of E. lucunter from five populations in the Caribbean Sea, where it is sympatric with E. viridis, and from nine populations in the Atlantic Ocean, where E. viridis is absent. (table 1, fig. 1 ). The Caribbean sample includes sequences from Panama that were previously obtained by McCartney and Lessios (2004) , with GenBank accession numbers AY451242-AY451275. Thirty-one additional bindin sequences of E. viridis and 16 of E. vanbrunti (accession numbers AY451276-AY451323, McCartney and Lessios 2004) were included in the analyses. New sequences have been deposited in GenBank under accession numbers GQ231594-GQ231731.
Sequencing
Genomic DNA was extracted from gonad tissue preserved in dimethyl sulfoxide-high salt buffer (Seutin et al. 1991) according to methods described in Lessios et al. (1996) . We amplified an 840-to 950-bp fragment of the bindin molecule corresponding to the first exon and approximately 470-490 bp of the bindin intron using primers BGEN F2 (5#-AACTACCCCCAAGCCATGAATC-3#) and MB1136-(5#-ARGTCAATCTTSGTSGCACC-3#). The first exon is the region of the bindin molecule in which most of the variation is found, and where evidence of selection has been demonstrated (Metz and Palumbi 1996; Landry et al. 2003; McCartney and Lessios 2004) , and for this reason it is the segment of bindin usually analyzed in assessments of intraspecific variation of the molecule (Metz and Palumbi 1996; Palumbi 1999; Palumbi 2003, 2005; Landry et al. 2003) . Amplicons were cloned using the pGEM-T Easy Vector System (Promega). Five clones per individual were sequenced using the BigDye Terminator v3.1 cycle sequencing system (Applied Biosystems) on a 3130 Genetic Analyzer sequencer (Applied Biosystems). Consensus sequences of at least three clones per allele were constructed in order to reduce amplification and cloning errors. If sequences from all five clones of an individual matched each other, the individual was considered a homozygote and was counted as two identical sequences of bindin. Additional clones were sequenced on an ad hoc basis when errors and ambiguities could not be resolved by majority rule or when the differences indicated the presence of a second allele, for which a new consensus sequence was obtained by additional cloning.
Alignment
Sequences were aligned with Sequencher v. 4.6 (Gene Codes Corporation). Length variation in the first exon of the bindin of Echinometra complicates alignments of this section. The variable length region contains two to eight repeats with the predicted amino acid sequence AX-AXPXGX, each separated by two to five Glycine residues ( fig. 2 ). High numbers of insertions and deletions and similarity among repeats can cause uncertainties as to positional homology of the repeat and the poly-Glycine segment. Misalignments can artificially increase estimated replacement rates and apparent homoplasy. To minimize these problems, sequences were aligned by eye in order to retain repeats as complete units and to add gaps that reduce apparent nucleotide differences. Poly-Glycine segments were arbitrarily aligned to the 3# end of each associated repeat unit.
Phylogenetic Analysis
To reconstruct the genealogy of unique sequences, the most appropriate model of molecular evolution was chosen as one that minimized Akaike#s (1974) Information Criterion using Modeltest v.3.7 (Posada and Crandall 1998) . The best fit model was that of Kimura (1981) with a c correction (a 5 1.26). Using this model, we estimated a NeighborJoining (NJ) tree in PAUP* 4.0b10 (Swofford 2001) ; the tree was rooted on 13 sequences of 3 Indo-West Pacific Echinometra species (GenBank accession numbers U39502-U39514). Alignment gaps were treated as missing data for affected pairwise comparisons. Statistical support for the topology was obtained by bootstrapping in 1,000 iterations. Maximum likelihood (ML) analyses were also performed using GARLI 0.951-1 (Zwickl 2006 ; http:// www.bio.utexas.edu/faculty/antisense/garli/Garli.html) estimating all parameters from the data under the general time reversible model with a c correction (a 5 1.28). The ML tree was bootstrapped in 500 iterations.
Arlequin 3.11 (Excoffier et al. 2005 ) was used to calculate population statistics and to perform Analysis of Molecular Variance (AMOVA; Excoffier et al. 1992) , based on Kimura's (1980) two-parameter model of molecular evolution with significance estimated using 10,100 permutations of alleles and localities. Molecular diversity, based on Kimura two-parameter distance, was calculated in Mega 3.1 (Kumar et al. 2004 ) with alignment gaps treated as missing data for affected pairwise comparisons. Haplotype diversity was calculated in DNAsp 4.50.2 (Rozas and Rozas 1999 ) with all sites containing gaps excluded from the analysis. Recombination was estimated using the four gamete test (Hudson and Kaplan 1985) and the recombination parameter, R (Hudson 1987) as implemented in DNAsp 4.50.2. To reconstruct the history of colonization of E. lucunter, TCS v. 1.21 (Clement et al. 2000) was used for the construction of a statistical parsimony (Templeton et al. 1992 ) network of Cytochrome Oxidase I (COI) haplotypes of data taken from McCartney et al. (2000) (GenBank Accession numbers AF255468-AF255510) with the confidence of connection limits set at 95%.
Tests for the Presence of Selection
McDonald-Kreitman (1991) tests of selection were performed using DNAsp 4.50.2 (Rozas and Rozas 1999) . The ratio of amino acid replacement (d N ) and silent (d S ) substitutions per site was estimated in Mega 3.1 (Kumar et al. 2004 ) using the Pamilo and Bianchi (1993) and Li (1993) method. The significance of the excess in replacement substitutions was tested in pairwise Fisher's Exact tests using the modified Nei and Gojobori (1986) method as described in Nei and Kumar (2000) and implemented in MEGA 3.1, with the transition/transversion ratio estimated from the data (R 5 0.955). We also conducted tests for selection in the Codeml module of PAML 3.15 (Yang 1997) . For this analysis, an initial, unrooted, NJ tree (without the outgroup Indo-Pacific species of Echinometra) was generated in PAUP* using only unique bindin sequences and eliminating ambiguously aligned codons. Only the first two and the last one repeat of the first exon were included, because they were present in almost all sequences of E. lucunter and could be unambiguously aligned. Two codons at the 3# end of the first exon (corresponding to positions 152 and 153, fig. 2 ) were excluded because they could not be unambiguously aligned between species. Also excluded were four sequences of E. lucunter and one of E. viridis because they had large (!24 bp) gaps that could introduce error into the analysis. The resulting alignment consisted of 87 amino acids and included several small (,6 bp) unambiguously aligned gaps that were shared by no more than two sequences, as recommended by Yang (1997) . This alignment was subjected to analysis of the distribution of the ratio of amino acid replacement to silent substitutions (x) among sites and among branches.
We analyzed variation of x among amino acid sites of the first exon using site-specific models described in Yang (1998), Yang et al. (2000) , and Wong et al. (2004) . As null models for variation between sites, we used the neutral one-x model (M0), the nearly neutral (M1a), and the b distribution model (M7). As models that allow selection, we used model M2a, discrete models with either two (M3 k 5 2) or three (M3 k 5 3) site classes of x, and the b þ x model (M8), which allows for a continuous distribution of x values across sites. We also used lineage-specific models to assess selection along specific phylogenetic branches. We compared the likelihood of a model that allows one x ratio for all branches (1x) with one that allows for a separate ratio for each species branch (3x). We further used branch-sites models (Yang and Nielsen 2002; Yang et al. 2005; Zhang et al. 2005 ) for a simultaneous examination of variation in selection among amino acid sites and among lineages of bindin. Model MA1 FIG. 2.-Alignment of amino acid sequences of selected bindin alleles of Echinometra lucunter, Echinometra viridis, and Echinometra vanbrunti. Amino acid alignment is based on nucleotide variation and results in gaps among the AXAXPXGX repeats (repeat area is shaded, each repeat enclosed in a box). Asterisks at the bottom identify sites under positive selection, according to ML analyses (see table 6 ). The solid line under the alignment indicates a hypervariable region.
assumed that d N /d S ratios for all background branches (x 0 ) varied between 0 and 1, whereas the foreground ratio was free to vary and was compared with the nearly neutral model M1a. This test can produce significant results if there is relaxation of constraints, rather than positive selection, in the foreground branch. Model MA2 is similar to MA1, but uses as the null model MA1 with the foreground x 5 1, and is thus considered a direct test of positive selection (Zhang et al. 2005) . Model MB allows all x parameters to be estimated from the data, rather than constraining them, and so is the most general branch-sites model.
Results

Genetic Diversity
We obtained 120 bindin alleles (85 unique ones) from 60 individuals of E. lucunter from 9 populations in the Atlantic, and 126 alleles (87 unique ones) from 63 individuals in 5 populations in the Caribbean, where this species is sympatric with its sister species, E. viridis (table 1) . The data from previously unsampled localities indicate that the finding of McCartney and Lessios (2004) from Panamanian populations, that molecular and haplotype diversity in the bindin of E. lucunter is lower than that of other neotropical species of Echinometra, holds true for the entire range of this species (table 2) . There is no concomitant reduction in the diversity of COI as would have been expected if the lower diversity in bindin were due to a historical demographic factor, such as a genetic bottleneck (table 2) . There are no obvious differences in bindin molecular diversity between populations inside or outside the Caribbean.
Bindin Gene Genealogy
Reconstructions of the bindin gene genealogy of Echinometra by NJ and ML converged on similar topologies, differing only in the details of the arrangements of the terminal branches. Because none of the nodes in which the two trees differed had strong bootstrap support, only the NJ phylogram is presented ( fig. 3 ). Our genealogy, based on many alleles but only the first exon of bindin, is not entirely consistent with that of McCartney and Lessios (2004) , based on fewer alleles but incorporating the entire molecule. Both phylogenies show bindin alleles of each Neotropical species of Echinometra clustered into reciprocally monophyletic units, but in the McCartney and phylogeny, the sister clade of E. lucunter alleles consisted of alleles of E. vanbrunti. In both phylogenies, the bootstrap support of the basal node of the three species is weak, so the specieslevel phylogeny of bindin is best considered as a tritomy. This topology differs from that of the mitochondrial COI gene (McCartney et al. 2000) , which shows a well-supported sister relationship between E. lucunter and E. viridis, with E. vanbrunti as an outgroup. Low levels of recombination (R 5 0.001) were estimated for the first exon of bindin in these three species, analyzed according to the method of Hudson (1987) , and only four recombination events were detected via the four gamete test (Hudson and Kaplan 1985) . Separate analyses based on each recombination block produced phylogenetic trees with little bootstrap support for any node. Thus, possible distortion of the gene genealogy due to recombination is not so great as to lead to incorrect conclusions regarding selection. In the genealogy of the first exon of bindin shown in figure 3 there was no support for any subclades within E. lucunter, nor any indication of phylogenetic separation of alleles where it is sympatric with E. viridis and where it is not. Indeed, five alleles were shared between the Caribbean and the Atlantic ( fig. 3) . Thus, there is no indication that different bindin alleles predominate in the region of overlap between E. lucunter and E. viridis.
Intraspecific Differentiation
Overall divergence in the first exon of bindin between Caribbean and Atlantic populations of E. lucunter, as measured byKimura'stwo-parameterdistance,wasequal tomean divergence between populations within each of these regions (table 3) . AMOVA also indicated that the geographic distribution of bindin is not different from random (P 5 0.27) and that 102.19% of the variation was between individuals within populations. The U CT value between regions was À0.06.
Pairwise F ST values (table 4) of bindin of E. lucunter were large and significant between the Atlantic island of Ascención and a number of other populations, including all of the Caribbean populations except Belize (table 4) . This, however, is not indicative of regional differences, because F ST values were larger and also significant in comparisons between Ascención, on the one hand, and the Atlantic populations of São Tomé, Bermuda, and all three populations in Brazil, on the other, indicating that Ascención is genetically isolated. All other comparisons between Atlantic and Caribbean populations of E. lucunter produced F ST values that were very small and not different from random. Thus, there was no evidence of differentiation of bindin between populations that are sympatric and populations that are allopatric with E. viridis. Given this homogeneity within E. lucunter, it is not surprising that there was also no indication that bindin of E. lucunter was more divergent from that of E. viridis in the Caribbean than in the Atlantic (table 3) , as would have been expected from RCD.
Selection
There was no significant excess of amino acid replacement substitutions relative to silent ones in the entire first exon of bindin either within E. lucunter or in comparison to (table 3) . There was also no indication in the average rate of the two types of substitutions that there is stronger selection on bindin in the area of geographic overlap between the species. McDonald-Kreitman tests found no significant excess of fixed versus. polymorphic nonsynonymous differences between E. lucunter and E. viridis, whether the comparison involved all samples, or just those from the region of geographic overlap (table 5) . However, average rates of substitution over an entire sequence are incapable of detecting positive selection that acts only on specific amino acid sites. We therefore relied on the ML methods of Yang (1998) , Yang et al. (2000) , and Yang and Nielsen (2002) to ask whether the expanded geographic coverage of the present study relative to that of McCartney and Lessios (2004) could still identify positive selection.
E. viridis
Because the ML models are designed to detect selection along specific branches of a gene genealogy, and because bindin alleles of E. lucunter do not sort out phylogenetically according to geographic area, we were obliged to carry out an analysis that included the first exon of bindin variation of all populations. Several of the discrete site-specific models (Yang 1998; Yang et al. 2000) identified codons with elevated x, but only the M8 model was significantly more likely than its null comparison M7 (tables 6 and 7). Although 13% of the codons were identified as possibly being under selection in this analysis (x 5 4.4; table 6), none had a significant (.95%) posterior probability of belonging to that class of sites. Similarly, the branch-specific model (Yang and Nielsen 2002) , which allowed for separate values of x for each species branch, was not significantly better than the null model (tables 6 and 7). We constructed nine branch-sites models (Yang and Nielsen 2002; Zhang et al. 2005) , each of which allowed the ancestral branch of all the alleles of each species to act as the foreground branch, and to differ from the background rate. The models with E. viridis or E. vanbrunti bindins as the foreground (data not shown) produced results identical to those of McCartney and Lessios (2004) in that they found no positive selection along these branches. The models with E. lucunter bindin as the foreground branch, on the other hand, showed evidence for positive selection. Model A1 (table 6), which forced the background branches to have x 5 1, while letting the foreground branches vary, was significantly different from the null (table 7) . We also tested this model against one (MA2) in which the foreground branches were forced to have x 5 1. This comparison was also significant (table 7), indicating that the signal is caused by positive selection, and not simply relaxation of purifying selection. Model MB indicated several classes of sites with extremely high values of x (table 6) and was significantly better than the null model (table 7) , but failed to identify which sites were under positive selection. The inability to identify specific sites under selection may have been caused by the short length of the sequence, which decreases power (Anisimova et al. 2001) , or by the extreme estimated parameter values, which may have resulted in the exclusion of all sites.
History of Colonization
Reinforcement would be more likely if E. lucunter and E. viridis diverged in allopatry and then came into secondary contact than if they speciated sympatrically, or if they spent a great deal of time in complete sympatry before assuming their current pattern of partial spatial overlap. Because of the possibility of selection, bindin cannot be used to reconstruct the phylogeographic history of these species. Variation in COI, on the other hand, is likely to be selectively neutral. Statistical parsimony analysis indicates that the presumed ancestral haplotype of the existing COI sequences is found only outside the Caribbean (fig. 4) , and thus that it is likely that E. lucunter originated in the Atlantic, then came into sympatry with E. viridis in the Caribbean.
Discussion
Our extensive sampling of the first exon of bindin over the entire species range has confirmed the finding of McCartney and Lessios (2004) from Panamanian populations that selection is acting on this molecule in E. lucunter. By all indications, this selection is not limited to the area of sympatry with E. viridis, but is a characteristic of the evolution of this molecule in all populations on both sides of the Atlantic Ocean, and in the isolated islands of Ascención and St. Helena. There is no evidence of differentiation between bindin alleles from the Caribbean and the Atlantic, no evidence of higher divergence from alleles of E. viridis in the area of sympatry, and thus no pattern of character displacement on the first exon of E. lucunter.
Does the absence of character displacement in the bindin of E. lucunter indicate that reinforcement is not the selective force acting on this molecule? Reinforcement does not always create a pattern of character displacement (Howard 1993; Lemmon et al. 2004) . In order to conclude that the absence of RCD in E. lucunter bindin is evidence against reinforcement as a source of the demonstrated selection, it is necessary to consider possible ways in which reinforcement could still be involved without resulting in differences between the area of sympatry and the area of allopatry. It is possible that 1) gene flow between the two areas homogenizes their bindin allele frequencies or that 2) the similarities between populations in the two areas are a remnant of reinforcement that occurred during previously complete overlap between the ranges of the two species.
1. One possible cause of the lack of differences in bindin of E. lucunter between the Caribbean and the Atlantic would be gene flow from the area of sympatry toward the area of allopatry. This hypothesis, however, would be contradicted by the evidence from mtDNA that these regional populations have not exchanged mitochondrial genes for approximately 200,000 years. COI haplotypes of Caribbean populations are monophyletic and nested among haplotypes of Atlantic populations. The F ST value between haplotypes of the two regions (0.37) is high (McCartney et al. 2000) . Thus, it is more likely that the lack of regional differentiation of bindin, as in other nuclear genes, is the result of slower evolution of nuclear genes relative to that of mitochondrial genes (Moore 1995; Palumbi et al. 2001) , or that the source of selection on bindin both inside and outside the Caribbean is the same. If so, selection could not be due to on-going reinforcement. 2. The absence of character displacement would also not necessarily indicate lack of reinforcement if E. lucunter and E. viridis arose sympatrically, or if they spent a great deal of time in sympatry before the former expanded its range into areas of allopatry (Howard 1993; Servedio 2004 ). According to this hypothesis, the bindin constitution of E. lucunter could have been shaped by reinforcement between 1.5 Ma when the speciation event occurred (McCartney et al. 2000) and 0.2 Ma, when gene flow between Atlantic and Caribbean populations was interrupted. mtDNA evidence is not consistent with such a hypothesis. The COI genealogy of E. lucunter ( fig. 4) indicates that the oldest haplotypes are found in the Atlantic but not in the Caribbean. In addition, fossil evidence from Angola indicates that E. lucunter was present in the eastern Atlantic during the Pleistocene (Darteville 1953) . Although these lines of evidence are not definitive, the most parsimonious explanation is that E. lucunter originated in the Atlantic and only later spread to the Caribbean into sympatry with E. viridis. Recent secondary sympatry greatly detracts from the possibility of ''reinforcement in times past.'' Reinforcement is expected to occur when populations develop postzygotic isolation in allopatry, then become sympatric and perfect prezygotic isolation as the result of selection against hybridization (Dobzhansky 1940) . ''Speciation by reinforcement'' would only occur if reproductive barriers have not been completed in allopatry (Noor 1999; Coyne and Orr 2004) , but selection for reinforcement could continue to operate to perfect prezygotic isolating barriers between sympatric species even after postzygotic isolation (and thus speciation) is complete. Postmetamorphic hybrids between E. lucunter and E. viridis have not been found (McCartney et al. 2000) , yet prezygotic isolation is still asymmetrical and incomplete (Lessios and Cunningham 1990; McCartney and Lessios 2002) , so hybrid zygotes between the two species are probably still being produced but fail to reach adulthood. Thus, an expectation of reinforcement within the Caribbean is not unreasonable, and neither is the expectation of RCD sensu Butlin (1995) , that is, a geographical pattern of differential selection against hybridization after speciation is complete. That no such pattern was revealed and that the probable geographic history of speciation involves an initial period in allopatry suggests that the selective force on bindin of E. lucunter has not been reinforcement. If reinforcement is not a likely source of selection on bindin, then what are the alternative hypotheses that could explain the signature of positive selection on the bindin of E. lucunter? Intraspecific forces such as sexual conflict, sperm competition, and sexual selection could play a role. McCartney and Lessios (2004) have suggested that E. lucunter, because it is found in high point population densities almost exclusively in a high energy narrow intertidal zone, is likely to spawn under conditions of high density of mixed sperm. If so, polyspermy, sperm competition, and sexual selection would be more important in this species than they are in E. viridis or in E. vanbrunti. This hypothesis could explain why the bindin of E. lucunter is under positive selection, whereas that of the other two species is not (Levitan and Ferrell 2006) . Levitan and Ferrell (2006) demonstrated that crosses between males and females of S. franciscanus with divergent bindin alleles increase in frequency when sperm densities are high, which would suggest that there is frequency-dependent selection (1999) in Echinometra mathaei, in which males carrying a particular bindin allele are more likely to fertilize females that carry the same bindin (and the presumably linked bindin receptor) allele. Sperm competition in high sperm densities would favor bindin receptor alleles that are more discriminating and would set both bindin and the bindin receptor in E. lucunter on a course of runaway divergence from its sister species that would create a signal of positive selection unrelated to avoidance of hybridization. Whatever the cause of selection on bindin turns out to be, it is certain that this molecule in E. lucunter currently shows no pattern of character displacement, and no signature of stronger selection in areas of sympatry relative to areas of allopatry, which suggests that selective forces are likely to operate independently of the challenge of a related species. Sexual selection and sperm competition would be operating throughout the species range, regardless of the presence of a sister species. Howard (1993) outlined the kinds of evidence needed for the demonstration of reinforcement in nature. The relevant question here is what data would constitute convincing evidence that reinforcement has not occurred. A report of negative results, showing that a phenomenon expected to happen actually did not, may be considered as a demonstration that the investigators' imagination in formulating hypotheses was not matched by the potential of the organisms to conform to it. However, reporting the absence of character displacement on a reproductive trait suspected of having evolved under reinforcement is by no means superfluous. Attempts to assess the frequency of reinforcement from analyses of the literature may well suffer from publication bias; it is possible that studies that have encountered evidence of reinforcement are more likely to be published than those that looked for such evidence but failed to find it (Howard 1993; Coyne and Orr 2004; LeGac and Giraud 2008) . In the case of the Atlantic species of Echinometra, the question was not whether there was speciation by reinforcement, but whether avoidance of hybridization is the selective force that has acted on bindin. That the results of the present study suggest that reinforcement is unlikely as one of these possibilities strengthens the case that intraspecific processes, such as sperm competition, sexual selection, or intersexual conflict, may be more likely explanations for the selection that drives bindin evolution in this species. (Castelloe and Templeton 1994 ) is depicted as a square, hypothetical haplotypes as small empty circles. Two haplotypes from the Caribbean and two from the Atlantic could not be joined to this network at the 95% confidence limit.
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